Introduction
Cells that are exposed to chemical stresses, including many commonly used chemotherapeutic agents, undergo cell cycle arrest, allowing the cell to repair the lesion or undergo apoptosis. Cells arrest at specific checkpoints, either late in G 1 or late in G 2 , to prevent replication or segregation of damaged DNA (for reviews see Sherr, 1996; Clarke and Gime´nez-Albia´n, 2000) . The p53-dependent up-regulation of p21 CIP1 (ElDeiry et al., 1993; Macleod et al., 1995; Brugarolas et al., 1995; Deng et al., 1995; Waldmann et al., 1995) is critical for both imposing and maintaining the DNA damage-induced G 1 checkpoint (Brugarolas et al., 1995; Deng et al., 1995) . p21
CIP1 over-expression results in inhibition of cyclin-dependent kinase 2 (CDK2)-containing complexes Poon et al., 1996) , hypophosphorylation of the Retinoblastoma protein (pRb) and sequestration of E2F transcription factors (Hiebert et al., 1992; Knudsen and Wang, 1997) . The importance of this pathway in growth regulation is exemplified by the frequency of inactivating mutations in p53 or components of the Rb pathway in human tumours (Hollstein et al., 1994; Hall and Peters, 1996) .
The passage of cells through S phase and into G 2 is primarily controlled by cyclin A/CDK2, whilst M phase progression is regulated by the activity of the cyclin B/CDK1 complex. During the normal cell cycle, cyclin B1 is expressed during G 2 , whereupon it binds to CDK1 (Labbe et al., 1989; Pines and Hunter, 1989) . CDK1 subsequently undergoes an activating phosphorylation at T 161 catalysed by CAK (CDK-activating kinase) (Solomon et al., 1992; Fesquet et al., 1993) . Once active cyclin B1/CDK1 is formed, Wee1 and Myt1 phosphorylate CDK1 on T 14 and Y 15 , which serves to inhibit its kinase activity (Russell and Nurse, 1987; Gould and Nurse, 1989; Meijer et al., 1991; Mueller et al., 1995) . The transition between metaphase and anaphase is then triggered by the Cdc25C-catalysed dephosphorylation of T 14 and Y 15 , resulting in the activation of CDK1 (reviewed in PiwnicaWorms, 1999) . Further auto-phosphorylation events lead to the relocation of MPF to the nucleus, where it subsequently phosphorylates its target substrates (Hagting et al., 1999) . Following DNA damage, Cdc25C is phosphorylated by Chk1 and Chk2, which are in turn activated downstream of the ATM or ATR kinases (Matsuoka et al., 1998; Brown et al., 1999; Liu et al., 2000) . Phosphorylation of Cdc25C promotes its sequestration in the cytoplasm by 14-3-3 proteins, resulting in enhanced Y 15 phosphorylation and inhibi-tion of CDK1 and arrest of cells at G 2 (Jin et al., 1996; Blasina et al., 1997; Lopez-Girona et al., 1999; Yang et al., 1999) . The MAPK (mitogen-activated protein kinase) signalling pathways serve to convey signals into the nucleus, thereby determining whether a cell undergoes division, cell cycle arrest or apoptosis. The Raf?MEK1/ 2?ERK1/2 pathway regulates cell cycle re-entry (Woods et al., 1997; Balmanno and Cook, 1999; Cook et al., 2000) . The SAPKs (stress-activated protein kinases, JNK and p38) are stimulated as part of the biological response to noxious stimuli and are activated by specific MAP Kinase Kinases (MKKs); MKK4 and MKK7 activate JNK whilst MKK3 and MKK6 activate p38. The SAPK-specific MKKs are in turn activated by an array of recently described MKKKs including the MEKKs, ASKs and MLKs (for reviews see Cook et al., 2000; Davis, 2000; Nebrada and Porras, 2000) .
JNK and p38 are activated in response to many DNA damaging agents but the precise role of the SAPKs in cell cycle regulation remains unclear. JNK and p38 have been proposed to have both pro and anti-proliferative effects during the G 1 ?S transition (Wang et al., 1999; Wisdom et al., 1999) but less is known about their functions in other stages of the cell cycle. It is likely that this confusion arises because few studies have dissociated SAPK activation from stressinduced cellular damage, which may be inherently growth suppressive. Furthermore, many studies have been performed on serum-starved cells, in G 0 /G 1 , which may be pre-disposed to block late in G 1 at the first checkpoint they encounter.
To examine the biological effects of the stress kinases in the absence of any stressful lesion we have used a conditional mutant, DMEKK3:ER*, which when stimulated with 4-hydroxytamoxifen (4-HT) causes activation of JNK, p38, and to a lesser extent ERK. Activation of DMEKK3:ER* in quiescent cells inhibits serum-stimulated cell cycle re-entry (D Todd et al., in preparation) . Here we show that activation of DMEKK3:ER* in asynchronous cycling cells results in the accumulation of cells with a 4n DNA content which cannot enter mitosis. This G 2 arrest appears to be independent of p53 or p21 CIP1 expression but requires the activity of the p38a or b2 SAPKs.
Results

Biochemical characterization of DMEKK3:ER*
To examine the biological effects of the MAPK and SAPK signalling cascades in the absence of cellular stress we used a conditional kinase (DMEKK3:ER*) in which the kinase domain of human MEKK3 is fused 'in frame' to a modified form of the oestrogen receptor (ER*). The kinase activity of this chimeric protein is dependent upon the addition of 4-hydroxytamoxifen (4-HT). As a negative control, a catalytically inactive variant (DMEKK3:ER*KD) was constructed by replacing Lys 391 (required for ATP binding) with methionine. These constructs were transfected into CCl39 and Rat-1 fibroblasts and clonal cell lines expressing the construct were isolated. Four cell lines were derived from CCl39 cells (CM3.3, CM3.6 and CM3.7 expressing DMEKK3:ER* and CM3.KD expressing the catalytically inactive version of DMEK-K3:ER*) and two from Rat-1 cells (RM3.16 and RM3.21 expressing DMEKK3:ER*), and these were used for subsequent experiments.
Initial characterization of DMEKK3:ER* was performed in the CCl39 cell lines. Expression of DMEKK3:ER* was monitored by Western blotting, with the 9E10 monoclonal antibody directed against the N-terminal Myc epitope tag which detected the fusion protein at the predicted molecular mass of 70 kDa in all CM3 clones, but not in the untransfected parental controls (Figure 1a) . A 24 h treatment with 4-HT increased the abundance of the DMEKK3:ER* fusion protein ( Figure 1a) ; this has been observed with other kinase:ER* fusions (Samuels et al., 1993) and probably reflects enhanced stability of the de-repressed DMEKK3:ER* fusion protein.
To first determine which pathways can be activated by DMEKK3:ER*, serum starved CM3.3 cells were used, since this reduced the activity of ERK1/2 to a basal level thereby affording a clearer assessment of the activation of each kinase. The ability of DMEKK3:ER* to activate ERK1, JNK1 and p38a was assessed by immune complex kinase assays. CM3.3 cells were treated with either 100 nM 4-HT or 0.04% (v/v) ethanol (as a vehicle control) for varying lengths of time before assay. Analysis revealed that activation of ERK1, JNK1 and p38a was apparent 15 -30 min after addition of 4-HT and maximal activation of all three kinases was observed at 1 h (Figure 1b) . The activity of all three kinases decreased slightly by 3 or 5 h but was then maintained at the same level for the full 24 h of the time course, whereas treatment with enthanol was ineffective ( Figure 1b) . Identical kinetics were observed in RM3 cells (K Balmanno, unpublished observations). Treatment of serum-starved CM3.KD cells, expressing the K?M mutant form of DMEKK3:ER*, with 4-HT had no effect on ERK, JNK or p38 activity ( Figure  1c ). 4-HT elicited a dose-dependent activation of ERK1, JNK1 and p38a in CM3.3 cells, with an EC 50 of 5 -10 nM being observed for all kinases (Figure 1d ). Finally, activation of JNK was reflected in the phosphorylation of c-Jun as monitored by the reduced mobility of total c-Jun and the enhanced phosphorylation of c-Jun at Ser 73 ( Figure 1e ). c-Jun phosphorylation was apparent within 30 min of addition of 4-HT whereas increased expression of DMEKK3:ER* was not seen until between 5 and 24 h. This suggests that 4-HT-induced de-repression of pre-existing DMEKK3:ER* is the primary mechanism for activation. Taken together, these results indicate that in serum-starved cells DMEKK3:ER* directly activates all three major MAPK/SAPK pathways with identical kinetics and dose-dependency and the effects of 4-HT are solely attributable to the kinase domain of DMEKK3:ER*. DMEKK3:ER* activates p38 and JNK to levels similar to that observed with cellular stresses
Since we wanted to determine the effect of SAPK activation in asynchronous cells, we examined the activation of ERK, JNK and p38 by DMEKK3:ER* in sub-confluent cycling cells growing in 10% FBS and made comparisons with various cellular stresses. Stimulation of both CM3.3 and RM3.21 cells with 100 nM 4-HT elicited a robust increase in p38a and JNK1 activity in both cell lines (12 -15-fold for CM3.3 compared with 9 -24-fold for RM3.21) (Figure 2a, b) . This SAPK activation was of a magnitude comparable to that observed in response to UV or anisomycin, two well-characterized stress agonists, and approximately twofold greater than that observed with sodium arsenite. In contrast to the robust response observed in serum-starved cells, treatment with either FBS or activation of DMEKK3:ER* resulted in only a modest 2 -3-fold increase in ERK1 activity. This discrepancy is simply due to the higher basal level of ERK activity in cycling cells when compared to serum-starved cells. For example, serum starvation causes a five or sixfold reduction in ERK1 activity, so that the resultant fold increases appear correspondingly greater in serum-starved cells than in cycling cells (A Garner, K Balmanno and S Cook, unpublished results) .
Thus, activation of DMEKK3:ER* in cycling cells results in the activation of JNK and p38 but causes only a modest further increase in ERK activity. Furthermore, the activation of JNK and p38 is of a magnitude similar to that observed in response to stress agonists, rather than producing a non-physiological super-activation of these pathways.
Activation of DMEKK3:ER* inhibits cellular proliferation
The effects of DMEKK3:ER* activation upon cellular proliferation were initially investigated by means of a clonogenicity assay. Wild-type CCl39 cells were or p38a activity was assayed by immune complex kinase assay. (e) Serum-starved CM3.3 cells were stimulated with 100 nM 4-HT for the times indicated and whole cell lysates were immunoblotted with the 9E10 monoclonal antibody to detect Myc-tagged DMEKK3:ER* and total or phospho-Ser73 c-Jun. In all cases results are shown from a single representative experiment and similar results were obtained in two further independent experiments. In addition, these results were reproducible in other independently derived CM3 clones p38 activation induces a G 2 arrest AP Garner et al transfected with the plasmid encoding DMEKK3:ER* and the gene for puromycin resistance. These transfected cells were then divided into two populations of equal cell number, plated and selected in puromycin for 14 days in the absence or presence of 1 mM 4-HT. The resulting colonies were visualized by staining with crystal violet which revealed that activation of DMEKK3:ER* resulted in a profound inhibition of colony formation (Figure 3a , upper panel). This growth inhibition was entirely dependent upon the kinase activity of DMEKK3:ER* as 4-HT-mediated activation of a catalytically inactive version of DMEKK3:ER* (KD) had no effect upon colony formation (Figure 3a, bottom panel) .
These results were confirmed by studying the effect of increasing concentrations of 4-HT on the asynchronous growth of the CM3.3, CM3.6, CM3.7 and CM3.KD clonal cell lines. Cells were grown for 72 h in the presence of increasing concentrations of 4-HT before determining relative cell numbers by crystal violet staining. Quantitative analysis revealed that the growth of all three CM3 cell lines was inhibited by 4-HT in a dose-dependent manner (Figure 3b ). The observed IC 50 for inhibition of cell growth in the CM3.3 cell line (3 -5 nM) was consistent with the 4-HT dose required for half-maximal activation of ERK, JNK and p38 (Figure 1d ) in this cell line. In addition, it was noted that the degree of growth inhibition obtained in each CM3 clone (CM3.34CM3.64 CM3.7) was proportional to the magnitude of JNK and p38 activation obtained (Figure 3c ) with the growth of CM3.KD being unaffected by the addition of 4-HT. These results indicate that activation of DMEKK3:ER* by 4-HT causes inhibition of cell proliferation which is proportional to the degree of activation of the downstream signalling pathways, primarily JNK and p38. FBS, were stimulated with 100 nM 4-HT, 10 mg/ml sodium arsenite (Na As), 1 mM hydrogen peroxide or 30 mM anisomycin for 1 h, 10% FBS for 10 min or exposure to 40 mJ UV followed by a 1 h recovery. In all cases ERK1, JNK1 and p38a activities were assayed by immune complex kinase assay. Data is expressed as fold activation relative to the background signal obtained in ethanol (vehicle control) treated cell extracts. Similar results were observed in three independent experiments Activation of DMEKK3:ER* leads to cell cycle arrest followed by apoptosis Whilst the preceding results unequivocally proved that DMEKK3:ER* activation retarded cellular growth, neither of the assays could distinguish between growth arrest or cell death. We therefore monitored the cell cycle distribution of asynchronous, cycling CM3 cells after treatment with 100 nM 4-HT, by staining with propidium iodide and analysing by flow cytometry ( Figure 4 and Table 1 ). Within 5 h of DMEKK3:ER* activation the fraction of CM3.3 cells in S phase was reduced ( Figure 4 , top panel). After 10 h all three cell lines were largely composed of cells with either a 2n or a 4n DNA content ( Figure 4 and Table 1 ). In contrast, 4-HT had no effect upon the cell cycle distribution of CM3.KD cells, indicating that the observed cell cycle arrest was entirely due to the kinase activity of DMEKK3:ER*. Thus, DMEKK3:ER* activation resulted in the loss of S phase and accumulation of cells in the G 1 or G 2 /M phases of the cell cycle.
The accumulation of cells at G 1 or G 2 /M was a persistent response, with cells remaining blocked at these stages for the full 35 h duration of the experiment. However, from approximately 20 h onwards the proportion of cells exhibiting a 52n DNA content (so-called 'sub G 1 ' or hypo-diploid cells) increased substantially, concurrent with a decrease in the fraction of cells at G 1 or G 2 /M ( Figure 4 and Table 1 ). This sub-G 1 fraction represents cells undergoing apoptosis, since we have observed increases in Annexin-V staining and other markers of apoptosis over the same timecourse (C Weston and S Cook, unpublished observations).
These results demonstrate that activation of DMEK-K3:ER* in asynchronous cells is sufficient to trigger both cell cycle arrest and apoptosis. The initial response to DMEKK3:ER* activation, the loss of cells in S phase and arrest of cells at G 1 and G 2 /M, was apparent after only 5 -6 h, whilst the earliest signs of apoptosis were not observed until after 20 h. In this study we have focused on the arrest of cells at G 2 or M phase as it was one of the primary effects of DMEKK3:ER* activation.
Activation of DMEKK3:ER* results in a G 2 block
To determine more precisely the location of the G 2 /M arrest, both CM3.3 and RM3.21 cells were synchronized in S phase using aphidicolin and then released. In the absence of 4-HT these cells progressed through S phase, G 2 and mitosis so that 25 h after aphidicolin release the majority of cells had entered the next G 1 phase (Figure 5a ,b, top panels). In contrast, cells released from aphidicolin in the presence of 4-HT progressed through S phase but arrested with a 4n DNA content so that by 25 h few cells had progressed through to the next G 1 (Figure 5a ,b, bottom panels). Subsequent experiments revealed that activation of DMEKK3:ER* could be delayed for as long as 12 h after aphidicolin release and cells would still arrest with a 4n DNA content (A Garner and S Cook, unpublished observations), suggesting that the arrest was either late in G 2 or early in mitosis.
To determine if the cells arrested in mitosis, we used nocodazole to trap CM3.3 and RM3.21 cells undergoing mitosis following aphidicolin release and scored the number of mitotic figures. Interestingly, RM3 cells were found to be markedly more sensitive to nocodazole than CM3 cells. This disparity may be due to differences in the Chfr status between these cell lines, resulting in the absence of the recently defined mitotic stress checkpoint in Rat-1 cells (Scolnick and Halazonetis, 2000) . Activation of DMEKK3:ER* 7 h after release from aphidicolin significantly reduced the number of cells trapped in mitosis, indicating that the 4n arrest Table 1 . Similar results were observed in up to six independent experiments in all three clones p38 activation induces a G 2 arrest AP Garner et al took place late in G 2 (Figure 5c ). This G 2 arrest was found to be stable in both cell lines even at time points of up to 48 h (A Garner, unpublished observations). The absence of any condensed chromosomes in arrested RM3.21 cells further supported the finding that DMEKK3:ER* activation caused cells to arrest late in G 2 before the onset of mitosis (see Figure 5d ).
Activation of DMEKK3:ER* causes the loss of cyclin A and cyclin B1 and their associated kinase activities
The aphidocolin synchronization and release protocol allowed us to analyse the effects of DMEKK3:ER* activation upon the proteins that normally regulate the G 2 -to-M transition. Western blot analysis of whole cell lysates from CM3.3 cells released from an aphidicolin block revealed that cyclin A levels were initially high but decreased following prolonged DMEKK3:ER* activation, whilst CDK2 levels were unaffected ( Figure  6a ). In the absence of 4-HT, cyclin B1 accumulated as expected when the cells passed through G 2 and into mitosis ( Figure 6a ). Furthermore, a slower migrating form of cyclin B1 was observed after 15 h ( Figure 6a ) and most likely reflects cyclin B1 phosphorylation (Li et al., 1995; Hagting et al., 1999) . However, activation of DMEKK3:ER* when cells were released from the aphidicolin block prevented the accumulation of cyclin B1 protein which was normally observed after 10 -15 h. Indeed, cyclin B1 levels actually declined to below control levels, and were nearly undetectable 25 h p38 activation induces a G 2 arrest AP Garner et al after cells were released from aphidicolin. In addition, we also observed a modest decrease in CDK1 expression levels and an even greater decrease CDK1 Y 15 phosphorylation in the presence of 4-HT ( Figure   6a ). The decrease in total CDK1 levels was variable in magnitude and timing of onset (see for example Figure  6c ), whereas the reduction in CDK1 Y 15 phosphorylation was highly reproducible. Immunoblots for total . Aphidicolin synchronized CM3.3 cells were released for the specified periods of time in the presence of 100 nM 4-HT or ethanol. (a) Whole cell lysates were immunoblotted for cyclin A, CDK2, cyclin B1, CDK1, phospho-CDK1Y15 and total ERK1/2 as a loading control. (b) Normalized cell lysates were used to immunoprecipitate either cyclin A or cyclin B and the associated kinase activities were assayed as described in the Materials and methods. (c) Whole cell lysates were immunoblotted for p53 and p21 CIP1 (upper panel) whilst CDK2 and CDK1 immunecomplexes were immunoblotted for the presence of p21 CIP1 and the relevant CDK p38 activation induces a G 2 arrest AP Garner et al ERK1/2 served as a loading control. Thus, activation of DMEKK3:ER* causes the loss of cyclin A, cyclin B1 and prevents the phosphorylation of CDK1 at Y 15 . To examine the impact of loss of cyclin A and B on the kinase activities of CDK2 and CDK1, the active complexes were immunoprecipitated using antibodies against cyclin A and cyclin B, and their ability to phosphorylate histone H1 assayed. Upon release from the aphidicolin block, the initial kinase activity associated with cyclin A was high as CM3.3 cells passed through S and G 2 (Figure 6b) . However, upon addition of 4-HT, the cyclin A-associated kinase activity was dramatically inhibited and dropped to virtually zero after 20 h. Activation of DMEKK3:ER* completely blocked the increase in cyclin B1-associated histone H1 kinase activity which normally occurs as cells pass from metaphase into anaphase (Figure 6b ).
The activity of CDK's is also regulated by CDK inhibitors (CDKI's) which either disrupt the CDKcyclin complex or bind within the CDK catalytic core. p21
CIP1 is known to be up-regulated by cellular stresses such as H 2 O 2 and DNA damaging agents in a p53-dependent manner (El-Deiry et al., 1993; Waldmann et al., 1995) . Whilst p21 CIP1 is well known as a regulator of the G 1 ?S transition, several studies have recently suggested that it may also be involved in regulating the G 2 checkpoint (Dulic et al., 1998; Medama et al., 1998; Passlaris et al., 1999) . We therefore examined whether DMEKK3:ER* could up-regulate the expression of p21 CIP1 . In the absence of 4-HT little or no p21 CIP1 was expressed, indicating that aphidicolin treatment and release did not stress the cells sufficiently to induce p21 CIP1 (Figure 6c ). Activation of DMEKK3:ER* yielded a striking increase in p21 CIP1 protein levels (Figure 6c ), whilst p27 KIP1 was unaffected (A Garner, unpublished observations). Examination of the cyclin A/CDK2 complexes by Western blotting revealed a large amount of p21 CIP1 co-immunoprecipitating with CDK2 under these conditions (Figure 6c ). Since p21 CIP1 is an effective inhibitor of CDK2 these results would be consistent with DMEKK3:ER* inhibiting CDK2 by up-regulating the expression of p21 CIP1 . Under the same conditions we failed to detect p21 CIP1 in CDK1 immunecomplexes by Western blotting (see Figure 6c ). Collectively, these data suggest that inhibition of cyclin B/CDK1 activity in CM3.3 cells is not likely to be due to p21 CIP1 association ( Figure  6c ) or inhibitory CDK1 phosphorylation, which actually decreases as CDK1 levels decrease (Figure 6a) . p21 CIP1 expression can be induced by p53-dependent pathways (El-Deiry et al., 1993; Waldmann et al., 1995) but also by p53-independent pathways, including the Ras-dependent Raf-MEK-ERK cascade (Woods et al., 1997) . The expression of p21 CIP1 appeared to be independent of p53 in CM3 cells as little increase in p53 levels was observed upon the addition of 4-HT (see Figure 6c ). To further characterize the apparent p53-independent nature of this p21 CIP1 expression, the p53 status of these cell lines was assessed by treatment with Doxorubicin (Dox), a known activator of the p53?p21 CIP1 pathway. The requirement for p53 function in Dox-induced p21 CIP1 expression and G 1 cell cycle arrest was first defined using HCT116 parental cells (p53+/+) and the p53 deficient (p537/7) derivatives (Bunz et al., 1998) . As expected treatment of parental HCT116 cells with Doxorubicin caused an increase in p53 and p21 CIP1 ( Figure 7a ) and a loss of S phase with cells arresting at G 1 and G 2 (Figure 7b ). In contrast, Dox-treated HCT116 p537/7 cells failed to express p21 CIP1 and only accumulated in G 2 , confirming that a functional p53?p21 CIP1 pathway is required for Dox-induced G 1 arrest (Figure 7a,b) . Dox treated CM3.3 cells also failed to increase p53 or p21 CIP1 levels and only accumulated at G 2 with a 4n DNA content. However, the CM3.3 cells were still capable of expressing p21 CIP1 levels ( Figure 7a ) and arresting at G 1 and G 2 (Figures 4 and 5 ) in response to DMEKK3:ER*. These results suggest that whilst the p21 CIP1 locus is intact and responsive to DMEK-K3:ER* and the G 1 and G 2 checkpoint machinery is intact, CM3.3 cells either lack functional p53 or another component of the DNA damage regulated p53 pathway.
The DMEKK3:ER* induced G 2 arrest proceeds in the absence of p21
CIP1
Although p21
CIP1 is known to inhibit CDK2 activity, its role in G 2 checkpoint control remains poorly defined. To determine if p21 CIP1 was absolutely required for G 2 arrest we took advantage of the recent report that Rat-1 cells fail to express p21 CIP1 in response to genotoxic stresses due to methylation and silencing of their p21 CIP1 promoter (Allan et al., 2000) . Treatment of RM3.21 cells with 4-HT resulted in activation of all three classes of MAPK cascade in a similar fashion to CM3.3 (Figure 2b and unpublished results). However, when directly compared with CM3.3 cells, activation of DMEKK3:ER* failed to result in the up-regulation of p21 CIP1 in aphidicolin-synchronized RM3.21 cells (Figure 8a ). This was not due to any inability of the antibody to detect rat p21 CIP1 , since the protein was readily detectable when cells were treated with the DNA methyltransferase inhibitor 5-Aza-2'-deoxycytidine, confirming that the p21 CIP1 promoter is methylated and silenced in Rat-1 cells (Figure 8b ). Despite the lack of inducible p21 CIP1 in RM3 cells, activation of DMEKK3:ER* still inhibited cyclin A-and cyclin B1-associated kinase activity ( Figure 8c ) and still caused a G 2 arrest ( Figure   5b,c,d) . Thus, the ability of DMEKK3:ER* to inhibit CDK2 and CDK1 activity and promote a G 2 cell cycle arrest proceeds normally in Rat-1 cells and so is not absolutely dependent upon p21 CIP1 .
The DMEKK3:ER* mediated G 2 arrest is dependent on p38a/b2 activity As DMEKK3:ER* can activate all three major classes of MAPK cascades, selective pharmacological inhibitors of the ERK or p38a/b2 pathways were used to try and dissect which of the pathways were responsible for the G 2 arrest (Favata et al., 1998; Cuenda et al., 1995; Enslen et al., 1998) . Ten mM U0126, an inhibitor of MKK1/2 which prevents ERK activation, had little effect upon the DMEKK3:ER*-induced G 2 arrest (Figure 9a ,b) despite reducing ERK phosphorylation to control levels ( Figure 9c ). Pre-treatment of CM3.3 cells with 5 mM SB203580 allowed a significant proportion of cells to bypass the DMEKK3:ER* CIP1 in the two cell lines was compared by immunoblotting equal quantities of whole cell lysates for p21 CIP1 ; total ERK1/2 served as a loading control. (b) RM3.21 cells were treated with the indicated concentrations of 5-aza-2'-deoxycytidine and whole cell lysates were immunoblotted for expression of p21 CIP1 and total ERK1/2. (c) RM3.21 cells were released from S phase in the presence of 100 nM 4-HT or ethanol for the indicated timepoints and cyclin A-and cyclin B1-associated kinase activities determined as described in the Materials and methods section. Results are taken from a single experiment representative of three giving similar results mediated G 2 checkpoint, progress through mitosis and into the next G 1 (Figure 9a,b) . The ability of SB203580 to reverse the DMEKK3:ER*-induced G 2 arrest was also reflected in rescue of cyclin B-associated kinase activity and cyclin B levels (Figure 9d ). Activation of DMEKK3:ER* reduced total cyclin B-associated kinase activity to 10.1% of control values, and this was partially rescued by SB203580 (39.5% of control values, significantly different by student's t-test, P=0.002). This was also accompanied by a partial rescue of cyclin B levels (Figure 9d, lower panel) . The disparity between the nearly complete rescue of cells from G 2 arrest (Figure 9a,b) and the partial rescue of cyclin B associated kinase activity probably reflects the fact that cells progressively lose synchrony following release from aphidicolin, and the G 2 ?M transition is relatively brief. Consequently, assay of cyclin Bassociated kinase activity in a population of cells will include those that have been rescued by SB203580 and are transiting the G 2 /M boundary at the time of assay, but also those that haven't reached the G 2 /M transition yet and those which have been rescued by SB, have passed through M phase into G 1 and in which cyclin B/CDK1 activity has declined. Similar rescue of the G 2 arrest was seen in RM3.21 cells, where SB203580 restored the mitotic index ( Figure 9e ) and allowed cells to progress into G1 (A Garner and S Cook, unpublished observations).
Western blot analysis, performed in parallel, revealed that SB203580 alone did not inhibit the DMEKK3:ER*-induced p21 CIP1 expression, although the combination of U0126 and SB203580 resulted in a partial reduction (Figure 9c ). Thus, there was no simple pharmacological correlation between the DMEKK3:ER*-induced G 2 arrest (blocked by SB203580 alone) and p21 CIP1 expression (not blocked by SB203580 alone). Western blot analysis of c-Jun phosphorylation (both S 63 and S 73 ) performed as a specificity control revealed that in contrast to previous reports (Whitmarsh et al., 1997; LeNiculescu et al., 1999) , SB203580 used in this study had no effect upon JNK activity.
Cumulatively, these results suggest that the DMEK-K3:ER* mediated G 2 cell cycle arrest is dependent upon the p38a/b2 isoforms (p38d/g are unaffected by SB203580 (Cuenda et al., 1995; Enslen et al., 1998) ), can proceed in the absence of p21 CIP1 induction and is associated with the down-regulation of cyclin A, cyclin B1 and their associated kinases.
Discussion
Activation of DMEKK3:ER* promotes a persistent G 2 cell cycle arrest Activation of DMEKK3:ER* in serum-starved cells resulted in the rapid, robust activation of the ERK, p38 activation induces a G 2 arrest AP Garner et al JNK and p38 pathways, indicating that DMEK-K3:ER* allows conditional and titratable activation of the same MAPK pathways that full-length MEKK3 activates in transient assays Blank, 1997, 1999) . In asynchronous, cycling cells, activation of DMEKK3:ER* resulted in a strong stimulation of JNK1 and p38a, with only a small increase in the basal level of ERK1 activity; this apparent disparity simply reflects the already high level of ERK activity in cycling CCl39 cells. Furthermore, DMEKK3:ER* activated JNK and p38 to levels similar to that observed with cellular stresses rather than causing a super-activation of these pathways. It is important to emphasize that we have used DMEKK3:ER* solely as a tool to activate a defined set of signalling pathways (predominantly JNK and p38 under these conditions) in the absence of any primary cellular stress or damage, and examine the impact of these pathways on cell cycle progression. Whether full-length MEKK3 is involved in cell cycle regulation is not known but the generation of MEKK37/7 mice (Yang et al., 2000) may help to address this in the future. Activation of DMEKK3:ER* in cycling cells promoted a cell cycle arrest at G 1 and G 2 within 5 -6 h; apoptosis was not apparent until after 20 h of DMEKK3:ER* activation. Thus, the initial effect of activating DMEKK3:ER* in asynchronous cells is cell cycle arrest rather than cell death. The delay in onset Whole cell lysates were immunoblotted with antibodies specific for p21 CIP1 or phospho-ERK1/2, ERK1/2, phospho-Ser63-cJun and phospho-p38. (d) CM3.3 cells were released from an aphidicolin block and left untreated (Con), or treated with 4-HT with or without SB203580. After 15 h cells were lysed and assayed for cyclin B-associated histone kinase activity. The data are the mean+s.d. of three independent determinations and the asterisk * indicates a significant difference by t-test (P=0.002). In addition, whole cell lysates were also immunoblotted for the presence cyclin B. (e) The effect of 5 mM SB203580 pre-treatment on the DMEKK3:ER* derived G 2 arrest observed in RM3.21 cells was determined by quantifying the mitotic index p38 activation induces a G 2 arrest AP Garner et al of apoptosis may simply reflect the time required for the up-regulation of pro-apoptotic genes and studies are currently underway to address this.
In mammalian systems, the accurate transmission of genetic information into daughter cells is regulated by the DNA damage checkpoint, acting at the end of G 2 (reviewed in Elledge, 1996) , the Chfr-dependent checkpoint at the end of prophase (Scolnick and Halazonetis, 2000) and the MAD/BUB-dependent spindle checkpoint at the end of metaphase (reviewed in Clarke and Gime´nez-Abia´n, 2000). Since activation of DMEKK3:ER* inhibited activation of CDK2 and CDK1 and prevented chromosome condensation in both CM3 and RM3 cells we believe that DMEK-K3:ER* is triggering a G 2 arrest analogous to the DNA damage checkpoint, thus precluding cells from entering mitosis. Whilst it has previously been shown that a related MEKK3-ER fusion can inhibit the initiation of DNA synthesis via the activation of ERK, JNK and p38 (Ellinger-Ziegelbauer et al., 1999; D Todd et al., unpublished observations), this is the first description of a MAPKKK being sufficient to prevent entry into mitosis. A previous study did not observe a significant G 2 block upon activation of MEKK3-ER (Ellinger-Ziegelbauer et al., 1999) but those experiments were performed in quiescent cultures, which would arrest primarily in G 1 (Ellinger-Ziegelbauer et al., 1999; D Todd et al., unpublished observations) and therefore not even reach G 2 .
Activation of DMEKK3:ER* inhibited CDK2 activity but didn't affect the normal progression of CM3 and RM3 cells through S phase. CDK2 is traditionally thought to be required for both S phase initiation and progression in mammalian cells (Girard et al., 1991; Ohtsubo et al., 1995 , reviewed in Sherr, 1996 . However, several recent reports have indicated that inhibition of cyclin A/CDK2 by the expression of CDKI's has no effect upon S phase once it is underway (Bates et al., 1998; Medama et al., 1998) . It now seems that the primary role of cyclin A/CDK2 is to coordinate the orderly progression from DNA synthesis through to mitosis whilst ensuring that it only occurs once per cell cycle (Peterson et al., 1999) .
The DMEKK3:ER*-induced G 2 block requires p38a/b2 activity In Xenopus oocytes the ERK pathway plays an essential role in both the meiotic G 2 /M transition and the metaphase arrest of mature oocytes (Haccard et al., 1993; Kosako et al., 1994) . However, in both RM3 and CM3 cells U0126 had little effect on the DMEK-K3:ER*-induced G 2 arrest, suggesting that the ERK pathway plays a minor role in this case. In contrast, SB203580 was able to prevent the G 2 block seen in CM3 cells (Figure 9a ) and restored mitotic figures to control levels in 4-HT-treated RM3 cells (Figure 9c) . Hence, activation of p38a and/or b2 is required to maintain the DMEKK3:ER*-induced G 2 block. It has not been possible to address the role of JNK in this DMEKK3:ER*-induced G 2 arrest due to the lack of suitable cell-permeant and selective inhibitors of the pathway. However, we have developed a similar conditional version of MEKK1 which selectively activates the JNK pathway and this can cause CCl39 cells to arrest at G 2 (S Molton, manuscript submitted), suggesting that JNK activation can also impair the G 2 ?M transition.
Recently, p38a/b2 have been implicated in control of the spindle assembly checkpoint in Xenopus oocytes (Takenaka et al., 1998) , whilst the budding yeast p38 homologue, Hog1p, mediates a G 2 delay in response to osmotic stress (Alexander et al., 2001 ). In addition, p38g is required for a g-radiation mediated G 2 arrest in mammalian cells (Wang et al., 2000b) . Our own results are more in accord with the latter study and suggest that activation of the different p38 family members in response to cellular stress may act to prevent cells from entering mitosis by preventing activation of cyclin B/ CDK1. Since there is a significant overlap in the substrate specificity of the different p38 isoforms, the isoform responsible for the arrest may vary depending on the activating signal and the cellular isoform expression profile. Taken together with other reports our studies raise the possibility that p38 activation by cellular damage can trigger an evolutionarily conserved response, the ultimate outcome of which is to prevent cell division.
The DMEKK3:ER*-induced G 2 arrest does not require p21 CIP1 CDK2 kinase activity is primarily controlled by its association with cyclins E or A, and by inactivating CDKI's such as p21 CIP1 (Harper et al., 1993; Xiong et al., 1993; Gu et al., 1993) and p27 KIP1 (Polyak et al., 1994; Toyoshima and Hunter, 1994) . p21 CIP1 plays a central role in damage induced G 1 arrest, primarily through the inhibition of G 1 CDK activity Poon et al., 1996; reviewed in Sherr and Roberts, 1995) , but has also been implicated in promoting a G2 arrest in several recent studies by inhibition of CDK2 or CDK1 (Li et al., 1994; Guardagno and Newport, 1996; Bates et al., 1998; Dulic et al., 1998; Medama et al., 1998; Furono et al., 1999) . Indeed, when DMEKK3:ER* was activated in CM3 cells we observed a striking increase in p21 CIP1 levels (in the absence of any p53 accumulation) and the recruitment of p21 CIP1 into cyclin A-containing complexes concomitant with the loss of CDK2 activity. In contrast, cyclin B1-containing complexes contained little or no associated p21 CIP1 , which is consistent with reports that p21 CIP1 is principally targeted to cyclin A/ CDK2 complexes and is a poor inhibitor of CDK1 (Furono et al., 1999) . p21 CIP1 expression can be induced by p53 and by a p53-independent pathway which can be activated by high levels of persistent ERK activation (Woods et al., 1997) . In CM3 cells, doxorubicin failed to increase p53 or p21 CIP1 levels and also failed to cause the characteristic DNA damage-induced G1 arrest, suggesting that p53 may be mutant in CCl39 cells. Despite this, DMEKK3:ER* caused a strong increase in p21 CIP1 in the absence of any increase in p53 levels. The increase in p21 CIP1 could be reduced by the combination of U0126 and SB203580, suggesting that the ERK and p38 pathways cooperate to promote p21 CIP1 expression independently of p53 in response to activation of DMEKK3:ER*. Despite the ability of U0126 to reduce phospho-ERK to control levels, and the clear efficacy of SB203580 in preventing the G2 arrest, p21
CIP1 expression was only partially inhibited by the combination of these drugs, suggesting that other pathways may also be important. Indeed, JNK can phosphorylate and activate Ets-2, c-Jun, JunB and ATF2, all of which have been proposed as regulators of the p21 CIP1 promoter (Kardassis et al., 1999; Smith et al., 2000) . Unfortunately the lack of selective inhibitors of either JNK or p38g/d prevents us from further investigating the relationship between p21 CIP1 expression and SAPK activation at present.
Regardless of the mechanism for p21 CIP1 upregulation, several observations lead us to suggest that p21 CIP1 is not absolutely required for the G 2 arrest or even the inhibition of CDK2 and CDK1 observed upon activation of DMEKK3:ER*. First, both a sustained G 2 arrest and loss of CDK activity were observed in RM3 cells, which fail to express p21 CIP1 due to methylation of the p21 CIP1 promoter (Allan et al., 2000) . Second, even in CM3 cells, activation of DMEKK3:ER* could be delayed until just prior to mitosis and still elicit a G 2 block, implying a more direct effect, perhaps independent of de novo induction of regulators such as p21 CIP1 . Finally, in CM3 cells the DMEKK3:ER*-induced G 2 arrest was prevented by SB203580 alone, whereas p21 CIP1 expression was not. Therefore, in agreement with others (Passlaris et al., 1999) we believe that cells possess multiple redundant mechanisms triggered by cellular stress or SAPK activation that are sufficient to arrest cells late in G 2 .
DMEKK3:ER* promotes down-regulation of cyclin A and cyclin B
An alternative, p21 CIP1 -independent, mechanism for SAPK-mediated CDK inhibition is suggested by the concomitant decrease in the expression of cyclin A and cyclin B1. The loss of these controlling subunits would certainly account for both the reduction in CDK activity and the lack of any CDK1 Y 15 inhibitory phosphorylation, since Wee1/Myt1 can only phosphorylate this inhibitory site once the cyclin B/CDK1 complex is assembled (Parker et al., 1995; Booher et al., 1997) . There are several reported precedents for this. Decreased levels of mitotic cyclins have previously been observed in response to treatment with ionizing radiation (Muschel et al., 1991) , UVB (Petrocelli and Singerland, 2000) , cis-platin (Spitkovsky et al., 1997) , polycyclic aryl hydrocarbons (Guo et al., 2000) and UV-C (Poon et al., 1996) thus preventing mitotic initiation. Since JNK and p38 are also activated by these stresses we speculate that their activation may regulate the intracellular level of mitotic cyclins following cellular damage. Certainly SB203580 caused a partial rescue of cyclin B levels, suggesting that p38 is involved in the loss of cyclin B.
Cellular stresses can down-regulate mitotic cyclins through decreases in promoter activity (Innocente et al., 1999) , decreased message stability (Maity et al., 1995; Wang et al., 2000a) and an increase in protein turnover (Guo et al., 2000) via the proteasome (Glotzer et al., 1991; King et al., 1996; Lukas et al., 1999) . The ubiquitin ligase subunits, Cdc20 and Cdh1, are postulated to direct cyclins A and B respectively for ubiquitination, thereby flagging them for degradation by the proteasome (Dawson et al., 1995; Sigrist et al., 1995; Sudakin et al., 1995; Kotani et al., 1999) . Whilst preliminary analysis has failed to show an increase in association between the proteasome subunit Cdc27 and Cdh1 upon activation of DMEKK3:ER* stimulation (data not shown), we cannot rule out the possibility that DMEKK3:ER* is subtly controlling the activity of this complex, or that other ubiquitin ligases are involved.
In conclusion, activation of DMEKK3:ER* serves as a useful tool with which to rapidly activate a defined set of signalling pathways, predominantly JNK and p38 in cycling cells, in the absence of any primary cellular stress. Activation of DMEKK3:ER* causes a sustained G 2 arrest which requires the p38a/b2 pathway, but is apparently independent of p21 CIP1 induction. It is hoped that DMEKK3:ER* and similar conditional mutants will prove to be useful tools in examining the role of the SAPK pathways in regulating the G 2 ?M transition.
Materials and methods
Materials
Cell culture reagents were purchased from Gibco Life Technologies, SB203580 was from Calbiochem and U0126 was generously donated by James Trzaskos, DuPont Pharmaceuticals. [g-32 P]ATP was routinely purchased from Amersham. The following antibodies were used throughout this study: ERK1, JNK1, p38a from the Babraham Microchemical Facility; CDK2 (sc-163) from Santa Cruz; cyclin A (MS-384-P) and p53 (MS-104-P) from NeoMarkers; p21 CIP1 (556431) from Pharmingen; CDK1 (9112) and phospho-CDK1 (9111S) from New England Biolabs; cyclin A (E72, used for immunoprecipitations) and cyclin B1 (V92) were kindly supplied by Tim Hunt, ICRF, London, UK. Horseradish peroxidase-conjugated secondary antibodies were from Bio-Rad. Unless indicated otherwise in the text, all other chemicals were purchased from Sigma and were of the highest grade available. UV treatment of cells at 254 nm was performed with a Stratalinker 2400 (Stratagene).
Plasmids
PCR oligonucleotides were used to amplify the catalytic domain of human MEKK3 (DMEKK3, amino acids 340 -626) from a template plasmid, pCEVMEKK3CD-hERLBD, kindly provided by Ulrich Siebenlist. The 5' oligonucleotide contained a start codon and Myc epitope tag sequence (MEQKLISEEDL), which was introduced in-frame upstream of the DMEKK3 sequence following PCR amplification. p38 activation induces a G 2 arrest AP Garner et al These oligonucleotides allowed for the introduction of a BamHI site at the 5'-end and an EcoRI site at the 3'-end of DMEKK3. The PCR product was digested and cloned into the respective sites within the expression vector pBP3:hbER*, which was kindly provided by Martin McMahon. The resulting construct, DMEKK3:ER*, encodes a conditional kinase comprising the catalytic domain of MEKK3 (DMEKK3) fused in-frame to a modified form of the hormone binding domain of the oestrogen receptor (ER*), which can be selectively de-repressed by 4-hydroxytamoxifen (4-HT). A catalytically inactive variant, pDMEKK3:ER*KD, was constructed by replacing the conserved lysine residue in sub-domain II (required for ATP binding) with methionine (K 391 ?M) using site-directed mutagenesis. The sequence of both the wild-type and catalytically inactive constructs was confirmed by sequencing the entire length of the construct on both strands. Details of sequence and oligos used are available upon request.
Cell culture and synchronization
The construction of CCl39 or Rat-1 cells expressing DMEKK3:ER* was performed by transfection with Qiagen superfect reagent, limiting dilution in 6 mg ml 71 puromycin and ring cloning. The resulting CM3 and RM3 clones were routinely cultured in phenol red-free Dulbecco's modified Eagle medium (DMEM) supplemented with 4.5 mg/ml glucose, 100 U ml 71 penicillin, 100 mg ml 71 streptomycin, 2 mM glutamine, 10% (v/v) foetal bovine serum (FBS) and 2 mg ml 71 puromycin. Cells were synchronized in S phase by initially growing until confluent, replating on 10 cm dishes at a density of 1.25610 5 cells/ml and allowing to attach for 6 h. The cells were then arrested in S phase by treatment with the DNA polymerase inhibitor aphidicolin (1 mg/ml) for 14 h. Cells were released back into cycle by washing four times with complete media. Unless indicated otherwise, cells were stimulated with either 100 nM 4-hydroxytamoxifen (4-HT) or ethanol (vehicle control) for the times indicated in the figure legends. Where additionally required, cells were treated with 5 mM SB203580 or 10 mM U0126 30 min prior to 4-HT treatment.
Analysis of cell cycle distribution and apoptosis
At the indicated times, cells were harvested by trypsinization, washed with phosphate buffered saline (PBS), and fixed in ice-cold 70% (v/v) ethanol/PBS for 30 min on ice. Following centrifugation the cell pellets were resuspended in PBS containing RNase A (0.1 mg/ml) and stained with propidium iodide (PI, 50 mg/ml) for 30 min at 378C. Flow cytometry was performed on a FACSCalibur flow cytometer (Becton Dickinson).
Cell survival assays
Clonogenic survival was measured by transfecting plated CCl39 cells with either DMEKK3:ER* or DMEKK3:ER*KD using Superfect (Qiagen) according to the manufacturer's instructions. Twenty-four hours post-transfection the cell population was divided and replated. Cells were then selected for 2 weeks in puromycin media in the presence or absence of 4-HT (1 mM) before being fixed with acetic acid : methanol (1 : 3, v/v) and stained with 0.1% (w/v) crystal violet. Cellular proliferation was measured by plating the different CM3 clones in 24-well plates at a density of 1610 4 cells/ml. Following attachment, the cells were treated with increasing doses of 4-HT and the amount of growth assessed 72 h later. Relative cell numbers were quantified by staining protein with crystal violet as described above and solubilizing the resulting stained cells with 10% (v/v) acetic acid. Absorbances were then read at 590 nm on the spectrophotometer.
Immunecomplex MAPK/SAPK assays
At the required times, cells were washed with PBS and harvested in lysis buffer (20 mM Tris [pH 7.5], 137 mM NaCl, 1 mM EGTA, 1% (v/v) Triton X-100, 10% (v/v) glycerol, 1.5 mM MgCl 2 , 1 mM Na 3 VO 4 , 1 mM PMSF, 20 mM leupeptin, 10 mg/ml aprotinin and 50 mM NaF). Cell extracts were snap frozen, thawed and cleared by centrifugation. Supernatant protein concentration was measured by Bradford protein assay (Bio-Rad) and active kinase complexes were immunoprecipitated using ERK1, JNK1 and p38a antibodies. Subsequently, the immune complexes were bound to protein A-sepharose and the beads washed twice with lysis buffer. ERK1 samples were washed once in ERK buffer (30 mM Tris [pH 8], 20 mM MgCl 2 and 2 mM MnCl 2 ) whilst the JNK1 and p38a samples were washed with (20 mM HEPES [pH 7.5], 20 mM b-glycerophosphate, 10 mM MgCl 2 , 1 mM DTT and 50 mM Na 3 VO 4 ). Kinase activities were assessed by incubating the aspirated beads in 30 ml of their respective kinase buffers supplemented with 10 mM ATP, 3 mCi [g-32 P]ATP and either 2.5 mg GST-c-Jun (JNK substrate) or 2 mg His 6 -MAPKAP-K2 (p38a substrate) or 7 mg myelin basic protein (ERK substrate) for 30 min at 308C. Reactions were terminated by boiling the samples in SDS -PAGE sample buffer before the samples were resolved by SDS -PAGE. Incorporation of [ 32 P] into the respective substrates was quantified by PhosphorImager (Bio-Rad).
Immunecomplex CDK assays
To ascertain the kinase activity associated with either cyclin A or cyclin B, cells were washed and harvested in CDK lysis buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 20 mM EGTA, 50 mM NaF, 1 mM Na 3 VO 4 , 0.1% (v/v) NP40, 1 mM PMSF, 20 mM leupeptin and 10 mg/ml aprotinin). Supernatants were extracted and the CDK complexes immunoprecipitated using cyclin A (E72) and cyclin B1 (V92) antibodies and protein Gsepharose. The complexes were washed twice with CDK lysis buffer containing 500 mM NaCl and twice in b-glycerophosphate buffer (80 mM b-glycerophosphate, 20 mM EGTA and 15 mM MgCl 2 ). CDK activity was measured by incubating the beads with 10 ml of b-glycerophosphate buffer supplemented with 100 mM ATP, 0.3 mCi of [g-32 P]ATP and 1 mg of Histone H1 (Calbiochem) for 15 min at 378C. The reactions were terminated, resolved by SDS -PAGE and the amount of phosphorylation quantified by PhosphorImager.
Western blotting
At the appropriate time points, cells were washed and harvested as described earlier (see Immunecomplex MAPK/ SAPK assays). Equal quantities of cell extracts were resolved by SDS -PAGE and transferred onto Immobilon P membranes (Millipore). Filters were then blocked for at least 1 h in 0.1% (v/v) Tween-20/PBS containing either 5% (w/v) powdered milk or bovine serum albumin (BSA) before being probed with the desired antibodies (see Materials) diluted in the same buffer at the recommended concentrations. Immunoreactive proteins were visualized with the enhanced chemiluminescence (ECL) system (Amersham). Where reprobing of the same filter was necessary (e.g. when determining the phosphorylation status of a protein) the filter was incubated in strip buffer (62.5 mM Tris [pH 6.8], 2% (w/v) SDS, 100 mM b-mercaptoethanol) for 30 min at 508C before being washed and blocked as described.
Mitotic index assay
Seven hours post-release from an aphidicolin induced block (see Cell culture and synchronization) CM3 and RM3 cells were stimulated with 100 nM 4-HT. Three hours after 4-HT treatment, cells undergoing mitosis were trapped by the addition of 250 ng/ml nocodazole for 14 h. At the appropriate time, cells were trypsinized and resuspended in 0.075 M KCl. Following a 30 min incubation at room temperature the cells were fixed in ice-cold Carnoys solution (acetic acid : methanol (1 : 3, v/v)) before staining with 0.02% (v/v) Geimsa. Geimsa stained chromosomes were inspected by light microscopy and the mitotic index scored.
